With the aid of the macroscopic dielectric continuum and Loudon's uniaxial crystal models, the propagating (PR) and half-space (HS) optical phonon modes and corresponding Fröhlich-like electron-phonon interaction Hamiltonians in a quasi-one-dimensionality (Q1D) wurtzite quantum well wire (QWW) structure are derived and studied. Numerical calculations on a wurtzite GaN/Al 0.15 Ga 0.85 N QWW are performed, and discussion is focused mainly on the dependence of the frequency dispersions of PR and HS modes on the free wave-number k z in the z-direction and on the azimuthal quantum number m. The calculated results show that, for given k z and m, there usually exist infinite branches of PR and HS modes in the high-frequency range, and only finite branches of HS modes in the low-frequency range in wurtzite QWW systems. The reducing behaviors of the PR modes to HS modes, and of the HS mode to interface phonon mode have been observed clearly in Q1D wurtzite heterostructures. Moreover, the dispersive properties of the PR and HS modes in Q1D QWWs have been compared with those in Q2D quantum well structures. The underlying physical reasons for these features have also been analyzed in depth.
Introduction
Recently, nanoscale quasi-one-dimensional (Q1D) GaN-based semi-conductor quantum well wire (QWW) structures have gained considerable attention both in theoretical and experimental investigations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This is mainly due to the following evident facts: nitride materials with strong atomic bonding and wide and adjustable bandgap are quite attractive as a basis for the creation of reliable high-temperature and high-frequency electronics equipment and short-wavelength optoelectronics devices [1, 2] ; QWW structure confinement for carriers in two dimensions and freedom in the last dimension promise more efficient lasers and optical gain as well as possible applications for optical waveguides and photovoltaic cells in comparison with quantum wells (QWs) and quantum dots (QDs) [3] [4] [5] [6] [7] ; Q1D QWW systems also play an important role in testing and understanding fundamental concepts, such as the role of dimensionality and size in optical, electrical and mechanical properties [8] . Hence GaN-based QWW structures provide a fascinating field of research for both fundamental physics and device design.
With the rapid progress of crystal-growing technology and the imperative of device performance improvement, not only has the quasi-two-dimensional (Q2D) wurtzite planar heterostructure been synthesized successfully, but also the Q1D wurtzite curved-surface heterostructure [4, 9, 10] . Moreover, ultraviolet lasers based on these self-organized Q1D QWW structures have also been realized [4] . As expected, the photoluminescence (PL) and lasing spectra of the GaN/AlGaN QWW, in contrast to the Q2D QW structure, have revealed a narrow emission linewidth and relatively low threshold (at about 2 -3 µJ/cm 2 ). It is well known that nanostructuring provides important freedom for phonon engineering [11] . It may change considerably the density of phonon states, induce surfacerelated vibrations, and spatially confine the bulk phonon modes. On the other hand, at room temperatures or above, electron-phonon scattering plays a dominant role for various electronic properties. Electron-phonon interactions and scattering also govern a number of important properties of quantum heterostructures, such as the hot-electron relaxation rates, interband transition rates, and room-temperature exciton lifetimes, etc. Moreover, the Raman scattering spectrum of Q1D wurtzite QWW have also shown more complicated phonon vibration properties than those in zinc-blende planar and cylindrical heterostructures [15] [16] [17] . Due to the reduction of dimensionality and the anisotropy of wurtzite structures, the properties of optical phonon modes in wurtzite QWWs have revealed more distinct phonon branches [18] [19] [20] [21] [22] [23] . Hence, it is quite imperative and important to investigate and understand the lattice oscillating properties of the Q1D wurtzite QWW structure. In fact, based on the macroscopic dielectric continuum model (DCM) [24] [25] [26] and Loudon's uniaxial crystal model [27] , many groups have made great contributions in researching polar optical phonons and their electron-phonon interactions in wurtzite nitride heterostructure systems [18] [19] [20] [21] [22] [23] [28] [29] [30] . For example, Lee and et al. [18] deduced the dispersion relations of the interface optical (IO) phonon modes, the quasi-confined (QC) modes, the half-space (HS) modes and the propagating (PR) modes in wurtzite struc-tures with single and double planar heterointerfaces. The Fröhlich Hamiltonians between an electron and these phonon modes have also been derived. Komirenko et al. [19] investigated the dispersive properties of QC, IO, PR and HS modes in wurtzite AlN/GaN/AlN and Al 0.15 GaN 0.85 N/GaN/Al 0.15 GaN 0.85 N QWs. Recently, Shi [20] solved exactly the equation of motion for the p-polarization field in an arbitrary wurtzite multilayer heterostructure by using the transfer matrix method, and confirmed the phenomenon that five types of optical phonons including the IO, QC, PR, HS and exactly confined modes coexist in wurtzite multilayer quantum systems. On the basis of this work [20] , Shi et al. [21, 22] further studied the dispersion behaviors of the PR and QC optical phonon modes as well as corresponding electron-phonon coupling properties in multilayer GaN/AlGaN wurtzite QWs. Motivated by the research of PR modes in symmetric GaN-based QWs [21] , we studied the dispersive features and spacial distribution of electrostatic potentials of PR modes in nonsymmetric AlN/GaN/AlGaN QWs [23] . More recently, work in confinement of optical phonons in low-dimensional structure has been extended from Q2D wurtzite QW systems to Q1D wurtzite QWWs [28] [29] [30] . The existence of five distinct types of optical phonon modes, i.e., the IO, QC, PR, HS and exactly confined modes have been predicted in Q1D wurtzite heterostructure systems. Furthermore, the frequency ranges, the dispersive behaviors and electron-phonon coupling properties for the IO and QC phonon modes in the QWWs have been fully investigated and understood [28, 29] . However, to the best of our knowledge, the properties of another two important phonon modes, namely, the PR and HS modes in the wurtzite QWWs, have not been fully examined and analyzed. The primary purpose of the present work is to solve the PR and HS phonon modes and derive the electron-PR (-HS) phonon interaction Fröhlich-type Hamiltonians in a Q1D wurtzite QWW heterostructure.
The DCM and Loudon's uniaxial crystal models have been widely employed to study the confinement of polar optical phonons due to their simplicity and efficiency for the description of phonon modes in anisotropic wurtzite quantum heterostructures [18] [19] [20] [21] [22] [23] [28] [29] [30] . As pointed out by Wendler [26] , the validity of the DCM is demonstrated by two facts: the Fröhlich type of electron-phonon interaction only plays an important role in the center of the Brillouin zone because only long-wavelength optical phonons produce large polarization fields; and the calculated results of DCM on the electron-phonon scattering, electron transport, etc. are in good agreement with those of microscopic computation [31] [32] [33] [34] . Moreover, experimental results for angular dispersion of polar phonons and Raman scattering in wurtzite planar heterostructures have proved to agree perfectly with the calculations based on the Loudon's uniaxial crystal model [35] . Thus it is appropriate to study the PR and HS phonon modes in wurtzite QWW structures by using the DCM and Loudon's uniaxial crystal model in the present paper.
The main accomplishments and significance of this work can be summarized into three points as follows: (i) By introducing an additional boundary condition equation (6) as in Ref. [30] , the dispersive relation equations and Fröhlich-like electron-phonon interaction Hamiltonians for the PR and HS phonon modes in Q1D wurtzite systems are deduced within the framework of the DCM and Loudon's uniaxial crystal model; (ii) the dispersive features of the PR and HS phonon modes in regard to the free wave-number in the cdirection and the azimuthal quantum number have been discussed and specified in detail, a systematic comparison with those in Q2D QW structures is carried out, and the related mathematical and physical origins have been analyzed; and (iii) the theoretical formula and numerical results described in the present paper will contribute to the further study and comprehension of the integrated optical phonon modes' (five types of phonon modes [28] ) effects on the Q1D wurtzite QWW systems. The remaining sections of the paper are organized as follows: the phonon dispersion relations and the electron-phonon interaction Hamiltonians for the PR and HS modes are deduced in section II; the numerical results for the dispersion relation on a Al 0.15 Ga 0.85 N/GaN/Al 0.15 Ga 0.85 N QWW are performed and discussed in section III; In the last section, we summarized the main results and discuss the significance of the theory described in the present article.
Theory
Let us consider a general Q1D wurtzite cylindrical QWW structure with an inner radius of R 1 and an outer radius of R 2 (R 2 > R 1 ). The z-axis is taken along the [001] direction (caxis), and this direction is denoted as z. The perpendicular (radial-) direction is denoted as t. Within the framework of the macroscopic DCM, the electrostatic potentials of polar optical phonon modes in wurtzite Q1D QWWs are determined by the following Laplace equation:
where D(r) is the electric displacement vector, Φ(r) is the scalar potential of the polar optical vibration, and t (r) [ z (r)] is the dielectric function of the wurtzite material in the t-(z-) direction given by
In Eq. (2), ω z,L , ω z,T , ω t,L and ω t,T are the zone center characteristic frequencies of the A 1 (LO), A 1 (TO), E 1 (LO), and E 1 (TO) modes, respectively. Just as in the situation of wurtzite Q2W QW structures [20] , by solving the secondorder differential Eq. (1), one can obtain all five types of polar optical phonon modes -the IO, QC modes, PR, HS and exactly confined modes in the Q1D wurtzite QWW systems. Since the properties of the IO modes, the QC modes and the exactly confined modes in the Q1D QWW have been investigated in previous research [28, 29] , we will only discuss the PR and HS modes in this work, which have not been fully studied and understood up to now. In order to solve Eq. (1) conveniently, two functions γ i and ζ i (i = 1, 2, 3 represent the inner core, the intermediate layer and the outer layer materials, respectively) are defined, i.e.,
Via the analysis in Refs. [18] [19] [20] [21] [22] [23] , we know that a positive ζ i (ω) value corresponds to a decaying wave, and a negative ζ i (ω) will result in an oscillation wave in the material i. Due to the vibrating properties of PR modes in all dielectric media, the negative values of ζ i (ω) [i = 1, 2, 3] should be satisfied for the PR modes. On the contrary, the HS modes only behave as vibrating waves in the inner barrier material and the outermost dielectric environment, and they show as a decaying wave in the well material. Thus a positive ζ i (ω) value in well material and negative ζ i (ω) values in inner barrier and environment matrix materials should be met for the HS phonon modes in wurtzite QWWs. In fact, the sign of ζ i (ω) also determines the frequency ranges of five types of optical phonon modes in wurtzite quantum confined systems (of course, in some case there are only four types of polar phonon modes, such as in GaN/AlN heterostructure [19, 28] With the aid of Loudon's uniaxial crystal models and taking into account the vibrating characteristics of PR and HS modes [20, 30] , the electrostatic potentials of the PR and HS modes [also the solutions of Eq. (1)] for a Q1D Al x Ga 1−x N/GaN/Al y Ga 1−y N QWW can be written as
with
In Eqs. (4) and (5), m is the azimuthal quantum number, k z (k t ) is the phonon wavenumber in the z-
] is the Bessel (Neumann) function, and
is the first-(second-) kind modified Bessel function.
In order to obtain the dispersive equations of the PR and HS phonon modes, apart from the continuity boundary condition (BC) equations of the phonon potentials and the normal components of the dielectric displacement field D, one needs to constitute and supplement a new relation due to the oscillating features of the PR and HS modes in the outermost dielectric matrix. This is obviously different from the situations of the IO and QC modes in wurtzite heterostructures. The electrostatic potentials of the IO and QC modes in the outermost dielectric environments are always decaying waves; thus only one coupling coefficient in the outermost medium needs to be treated in general [18-20, 22, 28, 29] . But for the PR and HS modes in the Q1D QWW, due to the vibrational feature of these modes, there always exist two coupling coefficients A 3 and B 3 in the outermost materials [18, 19, 21, 23, 30] . Based on this distinction, we bring forward an additional BC equation for the PR and HS modes in the Q1D QWW structures [30] , i.e.,
where L is the maximal width of the dielectric matrix. In general, L R 2 should be satisfied. The reasonableness of this treatment lies in the following facts. First, both J m (x) and Y m (x) are oscillating and degressive functions of x, namely, the functions J m (x) and Y m (x) will approach zero if x is large enough [30] . Secondly, this postulate (6) has already been adopted to describe the confined optical phonon modes of the outmost polar material in cubic cylindrical heterostructures, and the calculated results of bound polaron binding energy also shows this description is reasonable [36] . In physical essence, this treatment means that an Al x Ga 1−x N/GaN/Al y Ga 1−y N QWW with quite large outermostradius (L) located in vacuum or nonpolar dielectric matrix is assumed [36, 37] . Only the vibrating properties within the range of ρ < L are taken into account, and those out of the range (ρ > L) are neglected. In fact, this is completely analogous to the situations of the HS and (quasi-) confined modes in cubic (wurtzite) quantum systems [22, 24, 25, 38] . When the outermost radius L is large enough, the influence of polarization charges at the outermost interface of ρ = L on the vibrating properties of the inner core and the well-layer materials as well as the other features should be quite weak [36, 37] . Thus the electrostatic potentials of polar oscillations could be taken to be zero in the area ρ > L. Therefore, the additional BC Eq. (6) should be appropriate for the description of PR and HS phonon modes in Q1D wurtzite heterostructure.
Considering the condition that Eq. (6) and the continuity BC equations of the potential function and the normal components of D have nontrivial solutions for the coupling constants A i and B i , one can get the following 5 × 5 determinant equation:
= 0 (7) Eq. (7) just gives the dispersion relation of the PR and HS phonon modes in the Q1D wurtzite QWW systems. Substituting the dielectric function Eq. (2) into above Eq. (7), the dispersion frequencies ω for the PR and HS phonons are worked out exactly.
Using Eq. (6) and the continuity BC equations of the standard DCM, one can define five coupling coefficients g i (i = 1, 2, 3) and h i (i = 2, 3) [refer to the Appendix] for the electrostatic potentials of PR and HS phonon modes as in Refs. [20, 21, 30] . Thus it is easy to derive the orthogonal relationship for the polarization vector P m,kz of PR and HS modes. For the PR modes, their orthogonal relationship of polarization vector P PR m,kz is given by
where L is the length of the QWW structure in axial-direction, A is a normalization constant determined by Eq. (14), and Int(i, m, k z ) and Inz(i, m, k z ) (i = 1, 2, 3) are two integral functions defined as
For the HS modes, the orthogonal relationship for polarization vector P HS m,kz is given by
and
In Eq. (10), the integrated expressions of Inz(i, m, k z ) HS and Int(i, m, k z ) HS (i = 1, 3) for the HS phonon modes are the same as those for the PR modes given in Eqs. (9) . In order to derive the quantization Hamiltonian of free phonons, we introduce the Hamiltonian of the microscopic vibrations in wurtzite crystal lattice [18, 28] :
where μ is the reduced mass of the ion pair, n * is the number of ion pairs per unit volume, ω 0t and ω 0z are the frequencies associated with the short-range force between ions, e t and e z are the effective charges of the ions, and α t and α z are the electronic polarizabilities per ion pair, for the t and z directions, respectively. When using the orthogonality relations of the polarization vector (8) and (10) and choosing an appropriate normalization constant |A| as
with the effective dielectric functions u,i defined as
then the polarization vector P m,kz can be treated as an orthogonal and complete set, which can be used to express the free PR and HS phonon fields H PR,HS and the electronphonon interaction Hamiltonians H e−PR,HS . The PR and HS phonon fields are given by
where b † m (k z ) and b m (k z ) are creation and annihilation operators for PR and HS phonons of the (m, k z )-th mode. They satisfy the following commutative rule for bosons:
The Fröhlich Hamiltonian describing the interaction between an electron and the PR and HS phonons are given by
where Γ
PR,HS
mkz (ρ) is the coupling function defined as
Numerical results and discussion
Because of the importance of the dispersive frequencies of the free wave-number k z and azimuthal quantum-number m for further investigating the polaronic effect on the physical properties of the QWW structures [36, [39] [40] [41] , we have computed and analyzed the dispersion properties of the PR and HS phonon modes on k z and m for a Q1D wurtzite Al 0.15 Ga 0.85 N/GaN/Al 0.15 Ga 0.85 N QWW in this section. The geometrical sizes of the QWW are as follows: the inner radius R 1 = 2a B , and the outer radius R 2 = 4a B (a B is the effective Bohr radius of wurtzite GaN material, which equals about 2.4 nm). The maximal radial width L of the outermost Al 0.15 Ga 0.85 N dielectric matrix is assumed to be 20R 2 as in Ref. [36] . All the material parameters of nitride used in the calculations are cited from Refs. [19, 20] . The dispersion frequencies ω of the PR and HS modes as functions of the phonon wave-number k z in the free z-direction are shown in Fig. 1 when the azimuthal quantum number m = 0. Since the inner core barrier and the outermost barrier materials of the chosen Q1D QWWs are the same, both of them are labelled by the subscript"1" later. 
.).
In the same way, the PR modes and the HS modes in the low-frequency range are respectively represented as PRi and HS-Li (i = 0, 1, 2, ...) in terms of order of decreasing frequency. It is interesting to note that each branch of the PRi mode will reduce to the corresponding HS-Li mode as their frequencies are over the characteristic frequency ω tT 2 . Via the definition of the function ζ i (ω) (3), it is obvious that ζ 2 (ω) becomes a positive value if ω > ω tT 2 ; then the PR modes cannot exist in this situation, and they will reduce to the HS phonon modes in the QWW systems (note ζ 1,3 (ω) < 0 as ω is just over ω tT 2 ). We also notice that the HS-H0 mode in the high-frequency range is special because it will disappear as k z R 1 > 0.3. In fact, HS-H0 modes will reduce to IO phonon modes when ω is lower than ω zL1 . Based on the same discussion for ζ i (ω) (3), it is easy to prove the reducing behavior of HS-H0 modes as the frequency of the HS mode ω < ω zL1 . This typical reducing feature of phonon modes in wurtzite heterostructures has also been observed in Q2D wurtzite QWs [19, 42] . The underlying physical reason for the relationship between the PR and HS modes in the low-frequency range can be attributed to the overlapping of characteristic frequencies of the wurtzite heterostructure materials. On the other hand, all branches of the PRi modes and the HS-Li are monotonic and incremental functions of k z , while those of the HS modes in the high-frequency range (HS-Hi) are monotonic and degressive functions of k z . As k z increases, the dispersive curves of all the PRi phonon branches are cut off at ω tT 2 , and the HS modes in the low-and the high-frequency ranges converge to the characteristic frequencies ω tT 1 and ω zL1 , respectively. The PRi and HSi modes with lower order i, in contrast to those with higher order i, are more dispersive, which is a general property of optical phonon modes in quantum confined structures [21] [22] [23] 28] . As the order i of the PRi modes and HS-Hi modes approach ∞, the characteristic frequencies of ω zT 1 = 67.38 meV and ω zL1 = 93.87 meV are their limit values, respectively.
Compared with the PR and HS modes of Q2D wurtzite QW structures [19, 21] , one can find some interesting features in regard to the geometries of the quantum confined systems. When the free wave-number k t in Q2D wurtzite QWs approaches 0, all of the PR modes in Q2D systems tend to the value of ω tT 2 , and as i → ∞, the frequency of PRi in the QW systems is also close to the same characteristic frequency ω tT 2 (refer to Fig. 2 of Ref. [19] and Fig.4 of Ref. [21] ). The dispersion of HS modes in high-(low-) frequency range in Q2D QWs are monotonic and incremental (degressive) functions of the free wave-number k t in the xy-plane [19] . Moreover, the reducing behavior of PR modes to QC modes was observed in the wurtzite QW structure. On the contrary, as the free wave-number k z → 0, the frequencies of PR modes in Q1D QWWs converge to another characteristic frequency ω zT 1 . Furthermore, as i increases, the dispersion of PRi modes in wurtzite QWW becomes weaker and weaker, and the value of ω zT 1 is their limit. The limiting frequencies of HS modes in Q1D QWWs and in Q2D QWs are also exchanged with each other at the terminal vertices of the frequency ranges as free wave-numbers in each systems approach infinity. The PR modes in wurtzite QWWs reduce to the HS modes (not the QC modes as in Q2D QWs [19] ) when the free wavenumber is large enough. This obvious difference in the two types of systems can be ascribed to the different confined dimensionality of Q1D QWW and Q2D QW structures. In fact, in Q1D (Q2D) QWW (QW) systems, the wave-number k z (k t ) is free, and k t (k z ) is confined. Thus it is natural that the limited behaviors of PR modes in the two types of quantum confined structures are just opposite. Of course, there also exist many similar or even identical features for the PR and HS modes in wurtzite QW and QWW systems. For instance, the frequency ranges and the monotonic properties of the PR and HS phonon modes are completely the same in the two kinds of quantum structures [19, 21] . It should be noted that zT and tT phonon waves (as ω → ω zT and ω tT ) are not really transverse, and zL and tL phonon waves(as ω → ω zL and ω tL ) are not really longitudinal plane waves as those in wurtzite planar heterostructures [18] [19] [20] [21] [22] ; they are just some analogues adapted to the cylindrical symmetry in the Q1D QWW systems. In general, all the k z (k t ) = 0 polar optical phonon modes are the mixing modes of the transverse and longitudinal waves in regard to the cylindrical geometry [19, 35] . Due to the confined particularity of the Q1D wurtzite QWWs, the dispersion frequencies of the PR and HS modes are not only functions of k z , but also functions of the azimuthal quantum number m. In order to see clearly the dependence of dispersion frequency ω on the quantum number m, the PR and HS phonon frequencies as functions of m are plotted in Fig. 2(a) [for HS modes] and Fig. 2(b) [for PR modes] when k z are kept constant. The frequencies are discrete functions of the quantum number m, and the broken curves in each graph are just to guide the eyes. Analogous to the case in Fig. 1 , the dispersions are obvious only when m is small. The low-order PRi and HS-i modes with smaller i are more dispersive than the high-order ones with larger i. Each branch of the HS-Hi mode is a monotonic and incremental function of m, and the curves of the PR and HS-Li modes are monotonic and degressive functions of m, which is evidently different from the dependence of ω on the axial wave number k z (refer to Fig. 1 ). The reducing feature of HS-Li modes has also been observed distinctly. For example, the HS-L4 mode will disappear when m is over 6, and the HS-L5 mode will reduce to the PR mode once m > 4. This illustrates that the higher the order of the HS-Li modes, the more notable the reducing behavior of wurtzite QWW structures. In contrast to the high-frequency HS-Hi phonon branches, the dispersion of the low-frequency HS-Li modes is more obvious. Furthermore, we find that PR modes relative to HS modes are more dispersive on the azimuthal quantum number m in the wurtzite QWWs. Our calculations also reveal that the frequency dispersion of the PRi modes with i > 5 could nearly be neglected, and the dispersions of the HSi modes also may be ignored when i is larger than 10.
It should be pointed out that the labels of PRi and HS-H(L)i are characterized by the number of nodes of these modes' electrostatic potentials in the radial t-direction. In fact, the symbol i in PRi and HS-H(L)i modes means that there are i nodes within the radial range of 0 < ρ < L for the PR and HS phonon modes. Due to the simplicity of the potential distributions of these modes, i.e. decaying waves in the well and oscillating waves in the barriers for the HS modes, and oscillating waves in all dielectric media for the PR modes, detailed illustrations on the properties of the amplitudes and distributions of these modes are omitted here. Our calculations on the electron-phonon coupling functions reveal that the dependence of the electron-PR (-HS) phonons coupling properties on the free wave-number k z and azimuthal quantum number m are completely similar to those of the IO and QC phonon modes in wurtzite quantum confined systems [22, 28, 29, 42] . In other words, the lower-order PR and HS modes, relative to the higher ones, play a more important role in the electron-phonon interactions. The electron-phonon couplings of the PR and HS phonon modes with smaller k z and m are more significant. Moreover, we find that the coupling strength between electrons with HS-Hi modes is stronger than that between electrons with HS-Li ones for certain k z and m in general. These dispersive features and electron-phonon coupling properties of phonon modes will contribute to the further investigation of phonon effects on the physical properties of Q1D QWW systems [36, [39] [40] [41] .
Conclusions
In summary, the PR and HS phonon modes, the orthogonality relations for polarization vectors, the dispersion relations, and the Fröhlich-like electron-PR (-HS) phonons interaction Hamiltonians in a Q1D wurtzite cylindrical QWW system have been deduced and studied by means of the DCM and Loudon's uniaxial crystal model [27] in the present paper. Numerical calculations on an Al 0.15 Ga 0.85 N/GaN/Al 0.15 Ga 0.85 N QWW have been performed, and the calculations are mainly focused on the dependence of the dispersion frequencies of PR and HS phonon modes on the free wave-number k z and azimuthal quantum number m. The results reveal that, for given k z and m, there are usually infinite branches of PR modes and HS modes of high-frequency range, and only finite branches of HS modes of low-frequency range in the wurtzite QWW systems. The behavior that PRi modes reduce to the corresponding HS-Li modes has been observed to be obvious as their frequencies are above the characteristic frequency ω tT 2 . Other than the other HS modes (HS-Hi modes, i ≥ 1), the feature that the HS-H0 mode will reduce to the IO phonon modes [42] for a relatively large k z is also found in our computation. This can be attributed to the overlapping of the characteristic frequencies of wurtzite heterostructure materials. Moreover, the dispersive properties of the PR and HS modes in Q1D QWW have been compared with those of the PR and HS modes in Q2W QW structures [19, 21] , and the relative physical origination leading to the distinctions between the two types of quantum confined systems has been analyzed and discussed in depth. We believe that the analytical formulas and the numerical results exhibited in the present paper are quite important and useful for analyzing Raman scattering and electron-phonon interactions as well as for the design of some important blue/green LDs, LEDs and related photoelectric devices based on the Q1D wurtzite group-III nitride QWW structures.
The relations of the defined coupling coefficients g i and h i to the constants A i and B i are as follows:
In Eq. (26), the symbol A denotes a normalization constant, which is determined by the Eq. (14) .
